The role of autophagy in colonic homeostasis is not clear. Results: Colonic epithelial cell-specific and autophagy-deficient mice showed exacerbation of colitis and abnormal gut microflora with less abundant antimicrobial peptide production and secretion of mucus. Conclusion: Autophagy protects against colitis by the maintenance of normal gut microflora and secretion of mucus. Significance: These findings may ultimately lead to an efficient intervention for inflammatory bowel diseases.
Genome-wide association studies of inflammatory bowel diseases identified susceptible loci containing an autophagy-related gene. However, the role of autophagy in the colon, a major affected area in inflammatory bowel diseases, is not clear. Here, we show that colonic epithelial cell-specific autophagy-related gene 7 (Atg7) conditional knock-out (cKO) mice showed exacerbation of experimental colitis with more abundant bacterial invasion into the colonic epithelium. Quantitative PCR analysis revealed that cKO mice had abnormal microflora with an increase of some genera. Consistently, expression of antimicrobial or antiparasitic peptides such as angiogenin-4, Relm␤, intelectin-1, and intelectin-2 as well as that of their inducer cytokines was significantly reduced in the cKO mice. Furthermore, secretion of colonic mucins that function as a mucosal barrier against bacterial invasion was also significantly diminished in cKO mice. Taken together, our results indicate that autophagy in colonic epithelial cells protects against colitis by the maintenance of normal gut microflora and secretion of mucus.
Inflammatory bowel diseases (IBDs), 2 including Crohn disease (CD) and ulcerative colitis (UC), are chronic remittent or progressive inflammatory disorders in the gastrointestinal tract associated with an increased risk of colon cancer (1) . UC affects part of the colon or the entire colon in an uninterrupted pattern (1) . In contrast, CD generally affects any region of the intestine, including the ileum and colon, often discontinuously (2, 3) . In CD, the ileum alone was affected in ϳ45% of cases (ileitis), the ileum and colon (ileocolitis) in ϳ19% of cases, and the colon alone (colitis) in ϳ32% of cases (4) . Therefore, colonic symptoms are present in the majority of IBD patients. Although the etiology of IBDs is not well understood, extensive previous studies have suggested the involvement of both environmental and genetic factors that lead to dysfunction of the epithelial barrier, mucosal immune system, and responses to gut microflora (5) .
Genome-wide association studies of CD identified susceptible loci containing the autophagy-related gene ATG16L1 (6, 7) . Autophagy is a conserved process for the bulk degradation of cytoplasmic components. Triggering of autophagy results in the formation of double membrane-bound vesicles termed autophagosomes. The ATG5-ATG12/ATG16L1 complex and LC3-II are essential for autophagosome formation (8, 9) . ATG7 is an autophagy-related E1-like enzyme that is essential for two ubiquitination-like reactions (ATG12 conjugation and LC3 lipidation). Therefore, ATG7 is also essential for autophagy (10 -12) . Recent studies have revealed that autophagy is important for the clearance of intracellular microbes, including adherent-invasive Escherichia coli (13) , Salmonella enterica serovar Typhimurium (7, 14) , and Mycobacterium tuberculosis (15, 16) . It was reported that ATG16L1-deficient macrophages exhibited elevated endotoxin-induced IL-1␤ production (17) , indicating that autophagy is also important for the control of endotoxin-induced responses. In agreement with this notion, others have reported that autophagy in the small intestinal epithelium reduced LPS-induced proinflammatory responses by inhibiting NF-B activation (18) .
A number of studies have demonstrated the function of autophagy-related genes in the gastrointestinal tract. In hypomorphic Atg16L1 mice that were generated with a Gene-trap mediated method, Paneth cells exhibited notable abnormalities in the granule exocytosis pathway (19) . Macrophages harboring T300A variants of ATG16L1 showed defective clearance of the ileal pathogen Yersinia enterocolitica and elevated cytokine production (20) . Intestinal epithelium-specific Atg16L1-deficient mice exhibited constitutive endoplasmic reticulum stress in Paneth cells and are highly susceptible to experimental colitis (21) . Intestinal epithelium-specific Atg7 deficiency in VillinCre transgenic mice (22) (23) (24) showed enhanced susceptibility against Citrobacter rodentium infection (used as murine models of EHEC and EPEC infection) (25) . In these studies, Atg16L1-deleted fetal liver chimeric mice (17) , Atg16L1-hypomorphic mice (19) , Atg16L1 flox/flox Villin-Cre mice (21) , and Atg7 flox/flox Villin-Cre mice (25) were used. However, it should be noted that Atg16L1 is more abundantly expressed in the colon than in the small intestine (6) . Additionally, colonic Cre recombinase expression in Villin-Cre transgenic mice was much lower than expression in the small intestine (22) (23) (24) . Therefore, it is unlikely that previous studies using these mutant mice could have clarified the role of autophagy in the colon, which is a major affected area in IBDs.
In this study, we took advantage of the specific Cre recombinase expression in colonic epithelial cells in a GlcNAc6ST-2-Cre transgenic mouse model (26) to delete Atg7 in a colonic epithelial cell-specific manner. By using these mutant mice, we analyzed the function of autophagy in the maintenance of gut commensal microflora and protection against UC-like colitis.
Experimental Procedures
Generation of cKO Mice-cKO mice were generated by crossing GlcNAc6ST-2-Cre transgenic (26) 
/Atg7
flox/flox mice were used as conditional knock-out mice. The Atg7 flox/flox mice were used as WT controls throughout the study unless otherwise indicated. To detect Cre recombinase expression, GlcNAc6ST-2-Cre ϩ/ϩ mice were crossed with R26R reporter mice (28) . The experimental protocol was approved by the Animal Research Committee of Hoshi University and University of Shizuoka.
X-gal Staining-X-gal staining was performed as described previously (26) . Briefly, frozen sections (7 m) were fixed in PBS containing 1.5% glutaraldehyde and incubated with X-gal solution and Nuclear Fast Red solution (Sigma).
Quantitative RT-PCR for mRNA Expression-Tissue RNA was extracted with TRIzol reagent (Life Technologies, Inc.). The cDNA was synthesized with the PrimeScript RT-PCR kit with gDNA Eraser (TaKaRa) and subjected to quantitative RT-PCR using SYBR Premix Ex TaqII (Tli RNase H Plus; TaKaRa). The expression of each mRNA was normalized to the expression of ␤-actin with the ⌬⌬C t method according to the manufacturer's instructions (TaKaRa Thermal Cycler Dice TP870). The primer sequences are given in Table 1 .
Western Blotting-Mouse colons were homogenized in homogenization buffer (0.25 M sucrose, 10 mM HEPES, pH 7.4, protease inhibitors (1:200 dilution; Sigma)). The lysates were centrifuged at 700 ϫ g for 5 min at 4°C. The supernatants were collected, and their protein concentrations were determined using a BCA protein assay kit (Thermo Scientific). The obtained lysates were stored at Ϫ80°C until use. Western blotting was performed according to standard procedures using rabbit anti-␤-actin polyclonal antibody (bs-0061R, Bioss, 0.6 g/ml), rabbit anti-mouse ATG7 polyclonal antibody (A2856, Sigma, 0.25 g/ml), rabbit anti-mouse p62 polyclonal antibody (PM045, MBL, diluted 1:1,000), and rabbit anti-cow ubiquitin polyclonal antibody (Nr.Z0458, DakoCytomation, 0.3 g/ml). The bands were detected with 0.5 g/ml horseradish peroxidase-conjugated anti-rabbit IgG (HϩL) polyclonal antibody (65-6120, Zymed Laboratories Inc., diluted 1:20,000) and West Pico SuperSignal Chemiluminescent Substrate (Thermo Scientific). Western blot band intensities were quantified using the ImageJ program (National Institutes of Health).
Antibiotic Treatment-For antibiotic treatment, mice were given drinking water containing either a combination of 0.5 g/liter vancomycin (Wako), 1 g/liter ampicillin (Wako), 1 g/liter neomycin (Nacalai Tesque), and 1 g/liter metronidazole (Wako) (4Abx) or a combination of 0.2 g/liter ciprofloxacin (Wako) and 1 g/liter metronidazole (Wako) (2Abx) for 4 or 8 weeks.
Cohousing Experiment-For cohousing experiments, ageand gender-matched WT and cKO mice were cohoused in new cages at 1:1 ratios for 4 weeks before dextran sulfate sodium (DSS) administration. In some experiments, C57BL/6 WT mice 
AGGCTGCCCCGACTACGT GACTTTCTCCTGGTATGAGATAGCAAA (7-week-old, female) obtained from Japan SLC, Inc., were given 4Abx for 8 weeks and then cohoused with gender-matched WT and cKO mice for 4 weeks before DSS administration. DSS-induced Colitis-In acute colitis model, mice were given 3% (w/v) DSS (molecular mass ϭ 36,000 -50,000 Da; MP Biomedicals) in their drinking water for 7 days, which was then replaced with normal water. Each experimental set of mice was administered the same lot of DSS to minimize the effect of lot difference. In some experiments, mice were given 2Abx for 4 weeks in their drinking water. DSS exposure was begun 2 days later. The disease activity index (DAI) was determined according to the criteria described previously (29) with some modifications as follows: diarrhea score (0 point ϭ normal stool, 1 point ϭ soft stool, 2 points ϭ very soft stool, and 3 points ϭ watery stool); bleeding score (0 point ϭ normal color stool, 1 point ϭ brown color stool, 2 points ϭ reddish color stool, and 3 points ϭ bloody stool). The DAI was calculated as the sum of the diarrhea score and the bleeding score, resulting in the total DAI score ranging from 0 (unaffected) to 6 (severe colitis). In the chronic colitis model, mice were injected intraperitoneally with 10 mg/kg azoxymethane (Sigma) in saline at day Ϫ7, followed by the three cycles of 3% DSS in drinking water for 7 days and regular water for 14 days. On day 70, the colonic length was measured.
Histological Assessment of Colitis-Excised colons were opened, rinsed with 50 ml of PBS, fixed overnight in 10% formalin or Methanol-Carnoy fixative, and then embedded in paraffin. Paraffin sections (4 m) were stained with hematoxylin (Sigma) and eosin (Wako). As described previously (29) , histological scores were determined by the following parameters: epithelial damage score (0 point ϭ none, 1 point ϭ minimal loss of goblet cells, 2 points ϭ extensive loss of goblet cells, 3 points ϭ minimal loss of crypts and extensive loss of goblet cells, and 4 points ϭ extensive loss of crypts); infiltration score (0 point ϭ none, 1 point ϭ infiltrate around crypt bases, 2 points ϭ infiltrate in muscularis mucosa, 3 points ϭ extensive infiltrate in muscularis mucosa with edema, and 4 points ϭ infiltration of submucosa). The histological score was calculated as the sum of the epithelial damage score and infiltration score, resulting in the total score ranging from 0 (unaffected) to 8 (severe colitis). All of the histopathological assessments were performed blind by two experienced scientists who had specialized in histopathology for more than 6 years. In several experiments, the thickness of the mucosa and the muscularis propria was measured using a BZ-9000 fluorescence microscope (KEYENCE).
Fluorescence in Situ Hybridization (FISH)-FISH was performed according to the method described previously with some modification (30) . Paraffin sections (4 m) were dewaxed and washed in 95% ethanol. The tissue sections were incubated with 5 g/ml Texas Red-conjugated EUB338 (5Ј-GCTGCCTC-CCGTAGGAGT-3Ј, Sigma) in hybridization buffer (20 mM Tris-HCl, 0.9 M NaCl, 0.1% SDS, and 10% formamide, pH 7.4) at 50°C overnight. The sections were rinsed in washing buffer (20 mM Tris-HCl, 0.9 M NaCl, pH 7.4) at 50°C for 10 min and stained with 1 g/ml DAPI. After staining, the sections were mounted with Fluoromount (Diagnostic BioSystems). All images were obtained and analyzed with a BZ-9000 fluorescence microscope.
Microarray Analysis-Colonic total RNA was extracted with RNAqueous-4PCR (Life Technologies, Inc.). For microarray analysis, labeled cRNA was synthesized from the extracted total RNA and hybridized to Illumina BeadArray using the Mouse-6 V1.2 chip. Data were analyzed with GeneSpring (Agilent Technologies). For biological process ontology analysis, probe lists were analyzed in a Gene Viewer (GP Biosciences, Japan, and genes were selected based on p values smaller than 0.01.
Bacterial 16S rRNA Analysis-Fecal DNA extractions and quantitative PCR were performed with a previously validated protocol (31) . Briefly, fecal samples (0.1 g) were suspended in 0.9 ml of PBS. Next, 0.2 ml of the fecal suspensions were added to 0.3 ml of extraction buffer (167 mM Tris-HCl, 67 mM EDTA, 10% SDS, pH 9.0) and 0.5 ml of TE buffer-saturated phenol. The samples were vortexed vigorously with 300 mg of glass beads (diameter, 0.1 mm) for 30 s using a FastPrep (MP Biomedicals) at a power level of 5.0. After centrifugation at 15,000 ϫ g for 5 min, 0.4 ml of the supernatant was collected. Subsequently, phenol/chloroform extractions were performed, and 0.25 ml of the supernatant was subjected to isopropyl alcohol precipitation. Finally, the fecal DNA was suspended in 1 ml of 10 mM Tris-HCl buffer, pH 8.0. For bacterial 16S rRNA pyrosequensing, the V4 region of 16S ribosomal RNA was amplified by PCR using primers 5Ј-ACACTCTTTCCCTACACGACGCTCTTC-CGATCTNGTGCCAGCMGCCGCGGTAA-3Ј and 5Ј-GTG-ACTGGAGTTCAGACGTGTGCTCTTCCGATCTNGGAC-TACHVGGGTWTCTAAT-3Ј (where N indicates any nucleotide; M, A, or C; H, A, or C or T; V, A, or C or G; W, A, or T). Purified PCR products of V4 were sequenced by MiSeq sequencer (Illumina). The pyrosequencing reads were compared with the sequences in the GenBank TM database by BLAST search. Taxonomical analysis was performed on the BLAST results using MEGAN5 program (31) . For quantitative PCR of bacterial 16S rRNA genes, the fecal DNA was subjected to real time quantitative PCR using the SYBR Premix Ex Taq (TaKaRa). The primers were reported previously (32) . The quantity of each bacterial DNA was calculated with the standard DNA preparations of each bacterial species. The primer sequences are in Table 2 .
Histology and Immunostaining-Distal colonic tissues were fixed in methanol/Carnoy's fixative. Paraffin-embedded sections (2 m thick) were dewaxed and hydrated. For Alcian blue-PAS staining, sections were fixed with 0.5% glutaraldehyde in PBS for 15 min. The fixed sections were stained with 1% Alcian blue 8GX (Sigma) in 0.1 N HCl, pH 1.0, for 30 min and then with periodic acid (Wako) and Schiff's reagent (Wako). For immunohistochemical analyses, antigens were retrieved by L.A.B. Solution (Polyscience, Inc.). Sections were then incubated with anti-mouse MUC2 polyclonal antibody (H-300; Santa Cruz Biotechnology), followed by Alexa Fluor 594 F(abЈ) 2 fragment of goat anti-rabbit IgG (HϩL) (Molecular Probes) and Hoechst 33342 solution (DOJINDO). All images were obtained and analyzed with a BZ-9000 fluorescence microscope.
Enzyme-linked Immunosorbent Assay (ELISA) for Fecal MUC2-Freshly isolated feces were homogenized in PBS, which contained 1% NaN 3 , 20 mM dithiothreitol, and a protease inhibitor mixture (P8340; Sigma, 1:200 dilution), using a vortex mixer for 30 min at 4°C. The fecal suspensions were centri-fuged at 15,000 ϫ g for 10 min at 4°C. The supernatants were collected, and their protein concentrations were determined using a BCA protein assay kit (Thermo Scientific). A 96-well ELISA plate (Corning) was coated with 10 ng/well of feces extract. After blocking with PBS containing 3% BSA, 0.5 g/ml rabbit anti-mouse MUC2 polyclonal antibody (H-300; Santa Cruz Biotechnology) or IgG from rabbit serum (Sigma) was added to the wells and incubated overnight. After washing, horseradish peroxidase-conjugated anti-rabbit IgG (HϩL) polyclonal antibody (65-6120, Zymed Laboratories Inc., diluted 1:4,000) was added to the wells and incubated for 2 h. After washing, 1-Step Ultra TMB-ELISA Substrate Solution (Thermo Scientific) was added to the wells, and the absorbance at 450 nm was measured using a 96-well spectrometer (SUN-RISE Rainbow RC-R, TECAN). Values obtained from control experiments using rabbit IgG were subtracted from those obtained from test samples using the anti-MUC2 antibody described above.
Statistical Analysis-Data are presented as means Ϯ S.D. Student's t test or one-way ANOVA, followed by the TukeyKramer, Steel-Dwass, or Dunnett post hoc test, was used to determine the statistical significance of the differences between the experimental groups.
Results

Generation of Colonic Epithelial Cell-specific Atg7
Conditional Knock-out (cKO) Mice-To generate cKO mice, we first examined the expression of Chst4 (encoding GlcNAc6ST-2) and Villin1, whose regulatory elements were used to drive Cre expression in GlcNAc6ST-2-Cre transgenic mice (26) and in Villin-Cre transgenic mice, respectively. The latter mice have been widely used for the generation of intestinal tissue-specific knock-out mice (22) (23) (24) . As shown in Fig. 1A , the expression of Chst4 was much more abundant in the colon, whereas Villin1 expression was more abundant in the small intestine. These results indicated that GlcNAc6ST-2-Cre transgenic mice may be more useful than Villin-Cre transgenic mice for determining the role of autophagy specifically in the colon. To examine the expression of Cre recombinase, GlcNAc6ST-2-Cre transgenic mice were crossed with R26R reporter mice in which the lacZ gene is transcribed following Cre-mediated recombination (28) . X-gal staining of intestinal tissues showed that Cre recombinase was strongly expressed in colonic epithelia but less abundantly expressed in the ileum of the GlcNAc6ST-2-Cre ϩ /R26R mice (Fig. 1B) .
We next crossed GlcNAc6ST-2-Cre transgenic mice with Atg7 flox/flox mice (27) to generate cKO mice. Quantitative RT-PCR analysis indicated that expression of Atg7 mRNA in the colon was diminished by 84% compared with wild-type (WT) mice (Fig. 1C) . Consistent with this result, the Western blot analysis indicated that the expression of the ATG7 protein in the colon was significantly diminished in the cKO mice (Fig. 1,  D and E) . Furthermore, p62 protein, a selective substrate of autophagy, and the high molecular weight forms of p62 (33) significantly accumulated in cKO mice. Ubiquitinated proteins that are known to be degraded by autophagy (34) also accumulated in cKO mice. These results indicate that functional autophagy was significantly diminished in the colons of cKO mice. We did not observe any significant differences in the colonic histology between the WT and Atg7 cKO mice according to age (4, 8, and 16 weeks and 1 year) during the steady state.
3
Atg7 cKO Mice Are More Susceptible to DSS-induced Colitis-
To assess the role of autophagy in colonic inflammation, cKO mice were orally administered 3% DSS in their drinking water to induce UC-like colitis. As an initial experiment, we tested various doses of DSS. A 5% dose of DSS induced severe colitis in both the WT and cKO mice; however, the degree of colitis was too severe to assess differences in the extent of inflammation, and several animals died during treatment. Additionally, we tested 2% DSS, but the inflammatory response was too mild. 3 Therefore, we selected 3% DSS for the experiments in this study. In the cKO mice, administration of DSS for 5 days resulted in the exacerbation of colitis as determined by the DAI (Fig. 2A) , colonic shortening (Fig. 2B ) and histological scores (Fig. 2C ), which were based on the loss of colonic crypts and infiltration of leukocytes (Fig. 2D) , and increased the thickness of the muscularis propria (Fig. 2E) . The medial and distal colons were the most severely affected in the cKO mice, which is consistent with the finding that the distal part of the colon is usually affected in human UC (35) . In addition, exacerbation of colitis, including weight loss, was observed 7 days after administration of DSS in the cKO mice (Fig. 2, F-I) . Furthermore, chronic colitis induced by the three cycles of 3% DSS in drinking water for 7 days and regular water for 14 days after azoxymethane intraperitoneal injection was also significantly exacerbated in the cKO mice, as assessed by the weight loss, survival rate, and colon length (Fig. 3, B-D) .
Gut microflora is regarded as one of the major factors that determine the sensitivity of colitis (1, 2) . Therefore, we next examined the effects of oral administration of antibiotics on 3 K. Tsuboi and H. Kawashima, unpublished observations. DSS-induced colitis in cKO mice (Fig. 4) . Oral administration of a combination of two antibiotics (ciprofloxacin and metronidazole) ameliorated weight loss, DAI, and colonic shortening in cKO mice (Fig. 4, A-C) . Histological scores determined by epithelial morphology and leukocyte infiltration were also significantly reduced by antibiotic treatment (Fig. 4, D and E) . The antibiotic treatment also ameliorated the colitis of cKO mice in the recovery protocol (3% DSS for 7 days, followed by 7 days of water) (Fig. 4, F-H) . Atg7 cKO Mice Have Nontransmissible Abnormal Microflora-Because the combination antibiotic treatment ameliorated colitis in cKO mice, we hypothesized that cKO mice might have abnormal microflora compared with WT mice. To examine gut microflora in WT and cKO mice, bacterial 16S rRNA pyrosequensing was performed. As shown in Fig. 5, A and B, Clostridia was significantly increased in the cKO mice. Further analyses indicated that Prevotellaceae was also significantly increased in the cKO mice (Fig. 5C ). To further examine the changes of bacterial composition, we next performed quantitative PCR using group-or genus-specific primers of the bacterial 16S rRNA genes ( Table 2 ). As shown in Fig. 5, D and E, total bacteria and the Clostridum leptum subgroup, the Atopobium cluster, the Bacteroides fragilis group, the Prevotella group, and the Eubacterium cylindroides group were significantly increased in the feces of the cKO mice. These bacterial genera or groups, excluding Prevotella, were significantly diminished following treatment with a combination of metronidazole and ciprofloxacin. It was reported that abnormal gut microflora was transmissible and correlated with colitis sensitivity in mice lacking specific components of intracellular pattern recognition molecules, such as NLRP6 (36) and NOD2 (37) . We thus carried out cohousing experiments. WT mice were cohoused with age-and gender-matched cKO mice for 4 weeks prior to the induction of colitis by DSS. As a result, cKO mice showed more severe weight loss compared with WT mice, similar to what was observed in mice without cohousing (Fig. 6, A and B) . Similar differences in bacterial composition between cKO and WT mice were detected after 4 weeks of cohousing (Fig. 6C ) compared with each genotype of mice without cohousing (Fig. 5) . Next, C57BL/6 female WT mice treated with four antibiotics (vancomycin, ampicillin, neomycin, and metronidazole) were cohoused with gender-matched cKO or WT mice. Four weeks after cohousing, mice were administered 3% DSS for 7 days, and colitis symptoms were assessed. Comparable levels of weight loss and an increase in DAI were observed in C57BL/6 WT mice cohoused with WT or cKO mice (Fig. 6, D and E) . No significant differences in bacterial composition were found in WT-and cKO-cohoused WT mice (Fig. 6F) , suggesting that the abnormal microflora found in cKO mice was not transmissible by cohousing.
Increased Bacterial Burden in the Colon of Atg7 cKO MiceBecause Atg7 cKO mice had abnormal microflora and colitis sensitivity compared with WT mice, we next assessed bacterial invasion into the colonic epithelium before (Fig. 7, A-C) and after (Fig. 7, D-F ) DSS administration by fluorescent in situ FIGURE 
Exacerbation of acute DSS-induced colitis in cKO mice. Mice were given 3% DSS for 5 days (A-E) or for 7 days (F-I).
A and G, DAI was defined by the presence of rectal bleeding and the stool consistency. B and H, colon length. C and I, histological score. D, hematoxylin and eosin staining. E, mucosa and muscularis propria thickness. F, changes in body weight. Data are presented as mean Ϯ S.D. from each group (A-E, n ϭ 3-4; F-I, n ϭ 7-9). An unpaired Student's t test was used to compare WT versus cKO mice. *, p Ͻ 0.05; **, p Ͻ 0.01 versus WT control.
hybridization using a ubiquitous eubacterial probe. During the steady state before DSS treatment, significantly more bacteria colonized the crypts of the proximal colon in cKO mice compared with WT mice, whereas only a small number of bacteria invaded the colonic epithelium in either group of mice (Fig. 7,  A-C) . On day 3 after DSS administration, a massive increase in . Antibiotic treatment ameliorated colitis in Atg7 cKO mice. cKO mice were treated with (Abx-cKO) or without (cKO) a combination of metronidazole and ciprofloxacin for 4 weeks. WT mice were left untreated. 3% DSS exposure was then begun 2 days later. A-E, mice were given 3% DSS for 7 days, and tissues were collected immediately after the treatment (WT, n ϭ 6; cKO, n ϭ 4; Abx-cKO, n ϭ 5). F-H, mice were given 3% DSS for 7 days, which was then replaced with normal water until day 14 (WT, n ϭ 9; cKO, n ϭ 15; Abx-cKO, n ϭ 5). A and F, body weight. B and G, DAI. C, colon length. D, hematoxylin and eosin staining. E and H, histological score. Data are presented as mean Ϯ S.D. from each group. *, p Ͻ 0.05; **, p Ͻ 0.01 versus the control. One-way ANOVA, followed by the Tukey-Kramer (A and C) or Steel-Dwass (B, E, and H) post hoc test, was used to determine the statistical significance.
bacterial colonization of the crypts and invasion into the colonic epithelia were observed in both WT and cKO mice (Fig.  7, D-F) . In particular, a significantly higher level of bacterial invasion was detected in the distal colon in cKO mice compared with WT mice. In addition, bacterial colonization in the colonic crypts and bacterial invasion of tissue were significantly diminished in the antibiotic-treated animals (Fig. 7, A-F) . Because the colitis symptoms of cKO mice were comparable to those of WT mice on day 3, 3 these results indicate that bacterial invasion occurred a few days prior to the onset of differential symptoms of colitis. Therefore, Atg7 cKO mice had more severe bacterial burden in the steady and colitis states compared with WT mice, which is likely the cause of the exacerbated colitis in cKO mice that could be ameliorated by treatment with antibiotics as described above.
Expression of Antimicrobial and Antiparasitic Peptides Was Decreased in the Colon of Atg7 cKO
Mice-To explore the reason why Atg7 cKO mice had a higher bacterial burden than WT mice, we next compared gene expression profiles in colonic tissues from WT and cKO mice using microarray analysis. Nine genes were selectively down-regulated by more than 5-fold in cKO mice among differentially expressed genes with a cutoff value of 1,000 (Table 3) . Notably, two genes (Ang4 and Retnlb) found in this analysis encode the antibacterial peptide angioge- nin-4 (38) and the antiparasitic peptide Relm␤ (39), respectively. These genes are induced by intestinal microflora or parasitic infection (38, 40 -42) . Next, we performed gene ontology analysis of differentially expressed genes induced by bacterial infection (GO:0042742) or nematode infection (GO:0009624) with a cutoff value of 100. As a result, we found that Itln1 encoding intelectin-1, which is known to be involved in bacterial clearance (43) , and Itln2 encoding its homologue intelectin-2 (44) fulfilled these criteria.
To validate differential expression of the four antimicrobial or antiparasitic peptides described above, we next performed quantitative RT-PCR analysis (Fig. 8A) . As a result, the four genes were confirmed to be significantly down-regulated in cKO mice compared with WT mice, suggesting that the decline of these antimicrobial and antiparasitic peptide genes might be involved in the higher bacterial burden observed in Atg7 cKO mice.
Induction of Antimicrobial and Antiparasitic Peptides by Gut Microflora and Th2 Cytokines-It has been reported that Ang4
and Retnlb are induced by gut microflora (38, 40, 41) . We speculated that Itln1 and Itln2 might also be bacterially induced. To examine this possibility, we carried out quantitative RT-PCR analysis of the four genes in the medial colon where they are most abundantly expressed 3 in WT mice treated with or without combined antibiotics (Fig. 9) . A combination of metronidazole and ciprofloxacin (2Abx) and a combination of vancomycin, metronidazole, ampicillin, and neomycin (4Abx) significantly reduced the expression of the four genes in WT mice (Fig. 9A) . Major bacterial species were confirmed to be significantly reduced in the stools of the antibiotic-treated WT mice (Fig. 9B) . These results indicated that the four antimicrobial and antiparasitic peptide genes are induced by gut microflora in WT mice.
We next analyzed Th2 cytokine expression in the medial colon, because Ang4, Retnlb, Itln1, and Itln2 were reportedly induced by Th2 cytokines (40, 42, (45) (46) (47) . In cKO mice, Il4 and Il13 expression was decreased compared with WT mice, whereas Il5 and Ifng expression was not affected (Fig. 8B ). In addition, we examined the basal expression of the following cytokines relative to that of ␤-actin that was set as 1.0 (Table 4) : Tnfa encoding TNF-␣; IL1b encoding IL-1␤; IL6 encoding IL-6; IL10 encoding IL-10; IL12b encoding IL-12b; and IL17a encoding IL-17a. The difference of the expression levels of these cytokines in the WT versus cKO mice were statistically insignificant.
Because epithelium-derived cytokines, such as IL-25, are critical factors for Th2 responses (48 -50) , their expression was further examined. As shown in Fig. 8C , the expression of Il25, which is known to be induced by gut microflora (51) , was decreased in the medial colon of cKO mice compared with WT mice. This decrease might be due to less efficient recognition of gut microflora in cKO mice, resulting in the decrease of Th2 cytokines and antimicrobial peptides. In the antibiotic-treated cKO mice, Il25, Ang4, Itln1, and Itln2 were still less abundantly expressed compared with WT mice, whereas the expression of Il4 and Il13 encoding Th2 cytokines and that of Retnlb encoding an antimicrobial peptide, Relm-␤, was restored (Fig. 8,  A-C) . These findings suggest that induction of Retnlb by Th2 cytokines is independent of the IL-25 signaling pathway, whereas that of Ang4, Itln1, and Itln2 is dependent on this signaling pathway.
Secretion of Colonic Mucin from Goblet Cells Was Diminished in Atg7 cKO
Mice-To further explore the reason why Atg7 cKO mice had more bacterial burden and exacerbated colitis than WT mice, we next compared secretion of colonic mucin from goblet cells (Fig. 10) . Consistent with a recent report showing that the NLRP6 inflammasome and possibly a Array signal intensity is given. b Fold change is defined as the ratio of the signal of cKO to that of WT.
autophagy regulate secretion of colonic mucins (52), Atg7 cKO mice showed a much less efficient release of mucin stored in the intracellular granules of goblet cells into the intestinal lumen as determined by hematoxylin and eosin and Alcian blue-PAS staining (Fig. 10, A and B) . This result was confirmed using immunofluorescent staining with an antibody against a major colonic mucin (MUC2) (Fig. 10C) . The percentage of mucus-secreting crypts was significantly decreased in cKO mice (Fig. 10D) . Consistently, the thickness of the solid mucus layer (30) was also significantly decreased in cKO mice (Fig. 10E) . Furthermore, ELISA showed that the amount of fecal MUC2 mucin was diminished ( Fig. 10F ) in cKO mice, although mRNA levels were not affected (Fig. 10G) . Because colonic mucin functions as a physical barrier against invasion of microbiota (30), less efficient secretion of colonic mucin in cKO mice is likely involved in their severe bacterial burden and exacerbated colitis.
Discussion
In this study, we generated Atg7 cKO mice that specifically lacked ATG7 in colonic epithelial cells in the gastrointestinal tract and examined the function of autophagy in protection against colitis and maintenance of normal gut microflora. The reduction of Atg7 mRNA expression and accumulation of autophagy substrate p62 and ubiquitinated proteins in the colon in cKO mice were confirmed by quantitative RT-PCR and Western blot analyses (Fig. 1) . We found that the Atg7 cKO mice were more susceptible to DSS-induced colitis, an experimental model of UC (Figs. 2-4) . In contrast, others reported that intestinal epithelial cell-specific Atg7 deletion did not affect the sensitivity of DSS colitis (53) or the pathogenesis of intestinal tumors (54) using Atg7 flox/flox Villin-Cre mice. Therefore, we think that our Atg7 cKO mice are the first ones that could be utilized to assess the function of Atg7 in colitis.
A combination of ciprofloxacin and metronidazole that is clinically used in active CD (55) ameliorated colitis in our cKO mice (Fig. 4) . Treatment of WT mice with the two antibiotics decreased all bacterial genera and groups examined with the exception of the Lactobacillus group, which is generally thought to be a part of the healthy microflora (Fig. 9) (56) . In contrast, the C. leptum subgroup, Atopobium cluster, B. fragilis group, Prevotella and E. cylindroides group were increased in the feces of cKO mice (Fig. 5) . One intriguing possibility is that these bacteria may be involved in the exacerbated colitis observed in the Atg7 cKO mice. Consistent with this hypothesis, the Prevotella and B. fragilis groups that belong to the Bacteroidetes phylum are increased in patients with CD and UC (57) . To our knowledge, no connection between IBDs and the increase of the C. leptum subgroup, E. cylindroides group, or Atopobium cluster has been reported. However, the results in Fig. 5 using antibiotics suggest that the levels of these bacterial groups and the B. fragilis group correlated well with the severity of experimental colitis (Fig. 4) . Although colitis severity is linked to dysbiotic microflora (36, 37, 58 -60) , the relationship between gut microflora and deficiency of autophagy-related genes has not been clarified. We believe that the animal model described herein may be useful for the determination of bacterial subgroups involved in the onset of colitis.
It is noteworthy that Atg7 cKO mice suffered from severe bacterial burden during colitis and steady states (Fig. 7) . Previous studies showed that abnormal microflora and colitis sensitivity of some gene-targeted mice were transmissible when housed in the same cage (36, 37, 58 -60) . However, our results indicated that cohousing WT mice with cKO mice did not affect colitis sensitivity and gut microflora (Fig. 6) . Therefore, the abnormal microbiota that caused severe colitis in the Atg7 cKO mice may have different properties than the microbiota that were found in previous studies. Seedorf et al. (61) reported that bacteria from diverse habitats can colonize in the germfree mouse gut after cohousing. However, in that report, several bacterial groups, such as the soil-derived bacteria, dominated even in the presence of other bacterial communities, whereas some other bacteria could not be easily transmitted from one animal to another animal with an established bacterial community. This finding is consistent with our observation that colonic microflora cannot be easily transmitted by cohousing. One possible explanation of our results is that highly anaerobic bacteria that could not be transmitted through feces may have caused severe colitis in the Atg7 cKO mice. Strictly anaerobic bacterial culture and gnotobiotic experiments may clarify this issue.
We found that Ang4, Retnlb, Itln1, and Itln2 were decreased in cKO mice (Fig. 8) . These genes are important for protection against microorganisms. Angiogenin-4 (encoded by Ang4) has bactericidal activity against several Gram-positive enteric microbes, such as Enterococcus faecalis (38) , although E. faecalis was not detectable in our mice. 3 Intelectin-1 (encoded by Itln1) is a host defense lectin that assists phagocytic clearance of microorganisms (43) and is encoded in one of the IBD susceptibility loci (62) . This is consistent with our finding that Itln1 was decreased in the colon of Atg7 cKO mice. Intelectin-2 (encoded by Itln2) is presumed to have a similar function to intelectin-1, because it has 91% amino acid sequence identity with intelectin-1 (44) and is induced in the same manner as intelectin-1 (45) . Relm␤ (encoded by Retnlb) is an important molecule that affects macrophages during parasite-associated intestinal inflammation (63) . Relm␤-deficient mice were reportedly protected from DSS-induced colitis (64), whereas our cKO mice expressing lower amounts of Relm␤ than WT mice showed more severe colitis. This apparently contradictory result might be explained by our finding that Ang4, Itln1, and Itln2 were decreased in cKO mice. The lower expression of Ang4, Itln1, and Itln2 may have resulted in the exacerbated colitis in the cKO mice and may have hindered the protective effect of the lower expression of Retnlb. It is reported that Ang4 and Retnlb are induced by microflora (38, 40, 41) . Consistently, our results showed that the expression of Ang4 and Retnlb was significantly diminished by broad spectrum antibiotic treatment in WT mice (Fig. 9) . In addition, the expression of Itln1 and Itln2 was also diminished by the same treatment. However, the results in Fig. 8 indicate that the antibiotic treatment restored the expression of the Th2 cytokines IL-4 and IL-13 and that of Retnlb in cKO mice. In contrast, the expression of Ang4, Itln1, and Itln2 was minimally restored after the cKO mice were treated with the two antibiotics. We hypothesize that the expression of Retnlb is more dependent on Th2 cytokines than the expression of Ang4, Itln1, and Itln2, which may require signals from certain bacterial genera or groups that were significantly diminished by the antibiotic treatment. The levels of several bacterial species were decreased following the two antibiotic treatments in WT mice (Fig. 9) ; however, these levels were higher in the cKO mice than in the WT mice. One possibility is that recognition of these bacteria in cKO mice may not be efficient enough to induce antibacterial or antiparasitic peptides because of the lack of functional autophagy. Consistent with this idea, the expression of IL-25, whose expression is dependent on microflora (51), was significantly decreased in cKO mice (Fig. 8C) . Another possibility is that these bacteria may not be involved in the induction of the antibacterial or antiparasitic peptide genes and that minor bacterial species that we have not evaluated may have affected their expression, consistent with the keystone hypothesis, which states that keystone species with a low abundance in the bacterial community are considered to have a communitywide impact on health and disease (65) . Indeed, Bacteroides thetaiotaomicron, a minor population in the B. fragilis group, is known to induce the expression of Ang4 in Paneth cells in the small intestine (38) .
A number of previous studies using autophagy-related genedeficient mice showed that autophagy is related to the secretion of proteins in various cell systems. Studies using hypomorphic Atg16L1 mice and epithelium-specific Atg5 knock-out mice showed that ileal Paneth cells exhibit abnormal secretory granules (19) . Likewise, Atg7-deficient pancreatic ␤-cells impaired insulin secretion (66) . More recently, Nlrp6 knock-out mice and Atg5 heterozygous mice impaired secretion of mucus from goblet cells (52) . Consistent with these results, we showed that secretion of colonic mucins from goblet cells was significantly diminished in cKO mice (Fig. 10) . Because colonic mucin MUC2 and its glycosylation play a protective role against colitis (67) (68) (69) (70) , impaired secretion coupled with reduced production of antimicrobial or antiparasitic peptides could be involved in the severe colitis symptoms in our Atg7 cKO mice, as illustrated in Fig. 11 .
In summary, our results indicate that epithelial autophagy is essential for protection against colitis and the maintenance of normal gut microflora, antimicrobial peptide production, and mucin secretion, which may ultimately lead to an efficient intervention for IBDs. Colonic epithelial cell-specific autophagy cKO mice generated in this study may serve as a useful tool for future studies to achieve this goal.
Author Contributions-K. T. and H. K. designed, performed, and analyzed the experiments and wrote the paper. M. N. and A. T. performed the experiments. Y. I. and M. K. provided technical assistance. FIGURE 11 . Model depicting the proposed role of ATG7 in protection against colitis. In WT mice, gut commensal bacteria are recognized by autophagy and induce the expression of IL-25. IL-25 then act on Th2 or other cell subsets to induce Th2 cytokines, such as IL-4 and IL-13, which are involved in the induction of four antibacterial or antiparasitic peptides in the colonic epithelial cells. These peptides together with colonic mucins secreted from goblet cells act as a barrier against bacterial invasion and colitis. In cKO mice, this ATG7-dependent physiological cycle might not work properly, causing the expansion of abnormal gut microflora, their invasion into the colonic epithelium, and severe colitis.
